We studied the dynamic properties of the blood oxygenation level-dependent (BOLD) time series of patients diagnosed with schizophrenia both at resting state and during working memory tasks, by computing a key measure from complexity science, the Hurst exponent (H), using Adaptive Fractal Analysis (AFA). 44 participants meeting the DSM-IV criteria for schizophrenia and 77 healthy controls underwent fMRI scanning at 3.0 T at resting state and during Paired associate Memory Task and Spatial Working Memory Task. Mean H for all the 116 brain regions extracted from Anatomical Automatic Labeling (AAL) template as well as the whole brain were generated and analyzed for each subject based on voxel by voxel time series. At resting state, 103 of 116 brain regions showed significantly reduced H, suggesting overwhelmingly less persistent spontaneous brain activity in patients with schizophrenia at whole brain level and region level. While performing working memory task, only prefrontal cortex (PFC), anterior cingulate cortex (ACC) presented significantly lower H. Either resting state or working memory tasks, H of healthy controls showed wide variation from region to region, while patients with schizophrenia were the opposite. The result provides evidence that brain activity of schizophrenia is associated with weaker persistence and more randomness in signal patterns compared to healthy controls at resting state; PFC and ACC are critical area for working memory; schizophrenia is characterized by limited resource allocation capability.
Introduction
Schizophrenia is a common and serious mental disorder characterized by hallucinations, delusions and severe cognitive impairments, such as memory, attention and executive function [1] , which are among of the most decisive component of life quality and psychological capability in patients. The impairments affecting the cognitive function are reported in many aspect: working memory, long-term memory [2, 3] , semantic processing [4] , verbal declarative memory [5] , episodic memory [6] , attention and learning [7] . Deficits in working memory, the cognitive system that temporarily holds information for processing, have been widely considered as a central cognitive deficit and core feature in schizophrenia.
Researchers demonstrated working memory deficits through different tasks, stimuli modalities, or temporal components of events. Meta-analysis in schizophrenia expounded large deficit in all 3 aspects of working memory-visuospatial, phonological and central executive-with no clear difference across domains or tasks. Verbal memory impairment has been linked to a decreased ability in patients with schizophrenia to semantically encode (process information relating to meaning), which is reported as a deficit in long-term memory [7] . It has demonstrated that schizophrenia is impaired on spatial delayed-response tasks [8] . Quite a few regions, such as the PFC and ACC, have been demonstrated critical for working memory performance [9] .
Current research is beginning to outline the participation of PFC and ACC regions in maintaining and processing information. Some researchers holds a view that the dorsolateral prefrontal areas (DLPFC) are responsible for spatial working memory and the ventrolateral prefrontal cortex areas (VLPFC) for non-spatial working memory. Other researchers hypothesized with functional distinction that ventrolateral areas are mostly involved in pure maintenance of information, whereas dorsolateral areas are more involved in tasks demanding processing of the maintained material [10] . Biological systems typically reveal complex behavior with nonlinear dynamic properties [11] . Nonlinearity, as a necessary condition for chaotic behavior, is present in many dynamic systems existing in nature, such as the human brain [12] . An important part of study focused on schizophrenia derives from nonlinear systems theory. Because of the capability to study the evolution of physical and biological systems over time [13] , nonlinear analysis, as well as the majority of complexity estimators, is an appropriate access to characterize random-appearing time series. Researchers have been debating that the change in the behavior and physiology of an organism with age and disease can either lead to a decrease or an increase in complexity of the system's output. FMRI studies of schizophrenia have reported inconsistent complexity changes in schizophrenia, where Sokunbi et al. reported higher complexity of brain fMRI signals in Schizophrenia using DFA and Sample Entropy [14] , while Alber C. Yang et al. [15] detected decreased brain complexity using multiscale entropy. The weaknesses of these metrics are that they assume that the time series is stationary [16] , which is normally not correct for biological signals and require a large data set [17] . Regarding this, we surmise that the inconsistency is largely due to three traits of fMRI data-the voxel time series analyzed by the complexity measures is short, very noisy, and usually contains all kinds of irrelevant trends. This motivates to use a better method to examine the long-range correlations in fMRI voxel time series. A better approach is to gauge the persistence of fractal processes by computing Hurst exponent of time series. In this paper, we aim to use adaptive fractal analysis (AFA) and calculation of the Hurst parameter (H) to quantify dynamic properties of the BOLD time series for identifying differences between patients with Schizophrenia from healthy volunteers. By analyzing the "long term memory" of patients with Schizophrenia during Paired associate Memory Task, Spatial Working Memory Task and resting state, compared to healthy participants at whole brain level and region level. We establish hypothesis that patients with Schizophrenia has weaker persistence of spontaneous brain activities and poorer resource allocation capability relative to healthy controls when perform working memory tasks.
Material and Method
Participants 44 participants meeting the DSM-IV criteria for schizophrenia and 77 healthy controls, ages 21-50, underwent fMRI scanning. Each subject completed at least 8 years of formal education and have either English or Spanish as primary language. Subjects were recruited by community advertisement and through outreach to local clinics and online portals. The consortium excluded patients with diagnoses in at least 2 different patient groups. Furthermore, the following exclusion criteria were used: left-handedness, pregnancy, history of head injury with loss of consciousness or other contraindications to scanning.
Task Design
Resting fMRI: The resting fMRI scan lasted 304 s. Participants were asked to remain relaxed and keep their eyes open; they were not presented any stimuli or asked to respond during the scan. Paired-associate memory task: This task including a memory encoding task and a retrieval task. During the initial memory encoding task, two words were shown. Line drawings of those two objects were added after 1 second. During the retrieval task, subjects were shown a pair of objects and rate their confidence in their memory of the pairing with response options ranging from Sure correct to Sure incorrect. Spatial working memory task: During the spatial delayed response task (or, spatial capacity task-SCAP), subjects were shown a target array of 1, 3, 5 or 7 yellow circles positioned pseudorandomly around a central fixation cross. After a delay, subjects were shown a single green circle and were required to indicate whether that circle was in the same position as one of the target circles had been. A relatively long stimulus presentation time of two seconds was used to allow subjects to fully encode the target array, minimizing a potential encoding bias on the basis of set size interaction. Half the trials were true-positive, and half were true-negative.
FMRI
Neuroimaging data were acquired on a 3T Siemens Trio scanner. Functional MRI data were collected with a T2*-weighted echoplanar imaging (EPI) sequence with parameters: slice thickness = 4mm, 34 slices, TR=2s, TE=30ms, flip angle=90°, matrix=64 × 64, FOV=192mm. A T1-weighted high-resolution anatomical scan (MPRAGE) were collected with the following parameter: slice thickness = 1mm, 176 slices, TR=1.9s, TE=2.26ms, matrix=256 × 256, FOV=250mm. Diffusion weighted imaging data were collected with parameters: slice thickness = 2mm, 64 directions, TR/TE=9000/93ms, flip angle=90°, matrix=96 × 96, axial slices, b=1000s/mm2. This data was obtained from the OpenfMRI database. Its accession number is ds000030 [18] .
Estimation of Hurst Exponent
Hurst exponent (H) is a key measure of the fractal complexity (predictability) or persistence of fractal processes such as fractional Gaussian noise or Brownian motion. There are 3 basic dimensions of H, (1) 0<H<1/2, a BOLD time series is considered to have anti-persistent correlation; (2) H=1/2, a BOLD time series is memoryless or only has short-term memory; (3) 1/2<H<1, a BOLD time series is considered to have persistent long range correlation. AFA utilizes an adaptive detrending algorithm to extract globally smooth trend signals from the data and then analyzes the scaling of the time scale at which the fit is computed. AFA is an effective mean to estimate H, which has been shown to be especially effective in reducing noise, removing arbitrarily strong trends, and dealing with nonstationarity [19] .There are several examples of fBm processes with different H in Figure 1 , which gives us an intuitive understanding of Hurst exponent of a time series. In this paper, H was calculated using Adaptive Fractal Analysis (AFA) [20] to assess the long range temporal dynamic properties of BOLD time series [21] . BOLD signal is a type of fractional Gaussian noise, one should transfer the signal into Brownian motion by integrating the fMRI signal before calculating its Hurst exponent using AFA. See concrete Hurst calculating process in Figure 2 and Figure 3 , as an intuitive illustration of the calculating process.
In this study, we researched the dynamic properties of BOLD time series of patients diagnosed with schizophrenia during paired-associated memory task and spatial working memory task, by computing H using AFA. Mean H for all the 116 brain regions extracted from Anatomical Automatic Labeling (AAL) template as well as the whole brain were generated and analyzed for each subject based on voxel by voxel time series.
Results and Discussion
At resting state, T-Test of mean whole brain Hurst and 103 brain regions (116 regions in total) showed significantly reduced H (Figure 4, p<0.05 ), suggesting overwhelmingly less persistent spontaneous brain activity in patients with schizophrenia at region level and whole brain level (p<0.0013). This result explains the chaotic brain activity of patient with schizophrenia at resting state, which is consistent with symptom that schizophrenia patients are cluttered with disordered thoughts. Fig. 5 shows that, during Spatial Working Memory Task, statistically significant lower H (p<0.05) in brain activity were detected in schizophrenia patients compared to controls at whole Frontal cortex, Olfactory, Rectus, Anterior Cingulate Cortex, Left Caudate and Middle Temporal Pole. Significant lower H was also observed on left medial Superior frontal gyrus, left Rectus during encoding scan ( Figure 6, p<0.05) . While in the second scan--retrieve section, only prefrontal Lobe shows reduced H (figure 7, p<0.05). The result demonstrated that schizophrenia patients do not have enough persistent brain activity in these areas when executing working memory function, which are critical for temporarily maintaining and processing information. While at whole brain level, no difference was found between two groups in any working memory task. Fig. 8 and Fig. 9 shows, H of healthy controls had wide variation from region to region during working memory tasks, while patients with schizophrenia were the opposite. According to resource theories, maintenance and concurrent processing share the same resource, which explains why maintenance is typically impaired by a concurrent processing demand. Persistent brain activity normally indicates resource consuming. Therefore, this result borne out our hypothesis that resource allocation disorder in schizophrenia result in wasting their energy on irrelevant regions while execute the task, which is consistent with the fact that patients with schizophrenia are incapable of bending their whole mind to complete working memory task effectively.
Comparing Hurst of working memory task to resting state (Fig. 10, Fig. 11 ), we obviously observed that H of patients with schizophrenia significantly increased on the whole (p<0.05), while healthy controls did not -H of some region increased, some region reduced but hardly at a majority of regions. This result proved the huge difference in resource allocation between two groups that the patients with schizophrenia transfer the whole brain resource for working memory task, while healthy controls invoke the specific task related regions and make other irrelevant regions restful. In addition, we found H of healthy controls presented the order from high to low as: special working memory > encoding = retrieval > rest, while H of patients with schizophrenia ordered as: encoding > retrieval = special working memory > rest. This result indicates different brain dynamic properties and resource allocation patterns between two groups during specific working memory task. Obviously, encoding costs patients with schizophrenia more resource than other two tasks, which is consistent with the schizophrenia's impairment in semantically encoding. Figure 4 . Average Hurst of resting state. Figure 5 . Average Hurst of spatial working memory. Figure 9 . Hurst of patients with SZ during memory tasks. Figure 10 . Average Hurst of patients with SZ. Figure 11 . Average Hurst of healthy controls.
Conclusion
The analysis result on resting state fMRI provides evidence that schizophrenia is characterized with overwhelmingly reduced persistence in spontaneous brain activity at whole brain level and region level. This property may constitute a potential biomarker of schizophrenia from resting state fMRI. Poor working memory performance of schizophrenia is associated with weaker persistence and more randomness in signal patterns of brain activity at FPC and ACC, compared to healthy controls. This study also demonstrated the resource allocation impairment in schizophrenia during different working memory tasks.
